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W81XWH-11-1-0697
Enhancement of the Efficacy of Conventional Anticancer Compounds through the
Repression of SNAI Proteins in Aggressive Breast Cancer Cells
PI: Gautam Chaudhuri, PhD

INTRODUCTION
Breast cancer is the most prevalent cancer in women. Because of the complexity and
heterogeneity of mammary carcinogenesis, many pharmacologic agents have been studied for
their effects on the prevention of breast cancer. Data generated in our laboratory revealed several
genes that are involved in the activation/utilization of some of the common anti-breast cancer
agents (e.g. anti-estrogens and vitamin D) are significantly repressed by the zinc finger
transcriptional repressor SNAI2 in the aggressive and invasive breast tumors. These repression
results in the development of resistance of the SNAI2-high breast tumor cells to those drugs. We
also discovered that SNAI2 is a potent repressor of SNAIl gene expression. Thus, often
knockdown of SNAI2 results in elevation of the levels of SNAIl and the effect of SNAI2
knockdown on its target genes are not fully appreciated. We address this issue through the
development of nucleic acid and peptide-based drugs against the functions of both of the SNAI
proteins to combat against SNAI-high metastatic breast cancer along with vitamin D and anti-
estrogens.
Estrogen receptor alpha (ERa)-positive breast cancer patients are commonly treated with
ePRESSoR DOMAI DA BINDING DOMAN either aromatase inhibitors or anti-estrogens [1-4]. The
) I ! clinically most frequently applied anti-estrogen, 4-hydroxy-

”'m_m{ SN tamoxifen (4HT), leads in an adjuvant setting to an

. . approximately 50% reduction in recurrence during 10 years
sl 0 @ W of follow-up of ER-positive patients, and to a decrease in

G, . oketen shouing retevant domains ot weraman suan | mortality by a third [5-7]. The effectiveness of anti-hormone
therapy compels the pharmaceutical industry to continuously
innovate new pharmacologically improved anti-estrogen SERMs and SERDs [8-11]. Many
factors may affect clinical response to new anti-estrogens, including overexpression of cyclin D1
[12-14]. Over expression of cyclin D1, however, resulted in a conformational arrest of ERa,
activating ERa, but now in the presence of 4HT [11, 15]. In this conformation, the ERa is
capable of recruiting RNA polymerase II and inducing chromatin remodeling required for
initiation of transcription [12-14]. There is an urgent need to know how tumors evade therapy
and how they become resistant. Our notion, based on our recently published data [16], is that
SNAI-high ER-positive breast cancer cells have higher 0
levels of cyclin DI due to the repression of the | ~ r(}" :
UbcH5c, a negative regulator for cyclin D1, by SNAI2 CYP2RI (25-OHase) s, -
and thus they are 4HT-resistant [16]. Inhibition of ey Y 6
SNAI proteins should bring back 4HT sensitivity [16]. &
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expressions by chromatin remodeling [17-21]. SNAI1 and SNAI2 are very similar in their amino
acid sequences at the C-terminal zinc-finger domains, but the N-terminal repressor domain is
somewhat different (Fig. 1).

Vitamin D plays roles in various physiological processes, including bone and calcium
metabolism, cellular growth and differentiation, immunity, and cardiovascular function [22-25].
Vitamin D is synthesized from 7-dehydrocholesterol, an intermediate metabolite in cholesterol
synthesis, or derived from dietary sources [26-28]. Ultraviolet irradiation in sunlight-exposed
skin induces a photochemical reaction of 7-dehydrocholesterol to produce the vitamin Dj
(cholecalciferol). Vitamin D3 is hydroxylated at the 25-position by vitamin D 25-hydroxylase
(CYP2R1), to yield 25-hydroxyvitamin D3 (25(OH)Ds; 25-hydroxycholecalciferol), the major
form of vitamin D in the circulation (Fig. 2). 25(OH)Ds is further hydroxylated at the 1a-position
by 25-hydroxyvitamin D 1[]-hydroxylase (CYP27B1) (Fig. 2). VD3 exhibits physiological and
pharmacological effects by binding to the vitamin D receptor (VDR), a transcription factor of the
nuclear receptor superfamily [26-28] (Fig. 2). Although photoactivated cholecalciferol is mainly
hydroxylated in liver and kidney, many other cells including breast cells have significant
expressions of CYP2R1, CYP27B1 and VDR [26-28]. Breast cells thus should be able to activate
and utilize cholecalciferol if these proteins are not suppressed. We have recently found that
SNAI proteins coordinately repress the transcriptions of CYP2R1, CYP27B1 and VDR, but not
those of CYP24A1, GC and RXR, in several human cell lines [29]. Because low levels of
CYP2R1, CYP27B1 and VDR is associated with vitamin D resistance [30-33], and because
SNAI proteins can decrease the expression of CYP2R1, CYP27B1 and VDR [29, 34], we are
testing the novel hypothesis that high levels of SNAI proteins in cells can reduce the therapeutic
efficacy of vitamin D by reducing the production of CYP2R1, CYP27B1 and VDR.

Our long-term goal is to understand the impact of high levels of SNAI repressor proteins
in the etiology, progression and pathogenicity of breast cancer. The objective is to develop and
evaluate the efficacy of nucleic acid- and peptide-based combinatorial drug regimen against the
functions of both of the SNAI proteins to antagonize the growth and metastasis of SNAI-high
breast tumors that are resistant to vitamin D and/or the anti-estrogen 4-hydroxy tamoxifen (4HT).
Our central hypothesis is that combinatorial treatment of SNAI-high breast tumor cells with the
SNALI inhibitors will not only diminish their aggressiveness but also make these cells sensitive to
the inhibition of some of the conventional anticancer agents such as vitamin D and anti-
estrogens.

Our specific aims to test the hypothesis a  re: (1) To evaluate the levels of SNAI
proteins in relation to the levels of the proteins that impart resistance against vitamin D and anti-
estrogens in human breast cancer tissues; (2) To determine the effects of alterations of the levels
of SNAI proteins in breast cancer cells on their sensitivity towards vitamin D and/or 4HT; and
(3) To evaluate the efficacy of RNA and peptide-based inhibitors of SNAI-protein functions on
the aggressiveness, metastatic ability and drug sensitivity of SNAI-high human breast cancer
cells in a mouse xenograft model.

This study will have significant impact in the understanding of the role of SNAI proteins
in the aggressiveness and fatal outcome of breast cancer in breast cancer patients and in the
formulation of targeted delivery of nucleic acid-based drug regimen with VDR agonists and/or
4HT in controlling SNAI-high aggressive and metastatic breast cancer.

BODY
Task outlined in the approved Statement of Work for this period of the project



Task-1. To determine the potential of high leve Is of SNAI and cyclin D1 proteins and lo w
levels of UbcHSc, CYP2R1, CYP27B1 and VDR proteins as biomarkers of aggressive
breast cancers in breast cancer patients (1-8 months).

We isolated RNA and protein from 46 TNBC tissues and analyzed for the levels of SNAII,
SNAI2, CYP2R1, CYP27B1 and VDR mRNAs and proteins. In all cases tested we found that
high SNAI2 is correlated with low SNAIL, CYP2R1, CYP27B1 and VDR mRNAs and proteins
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Fig. 3. Relative levels of SNAIl, SNAI2, Fig. 4. Relative levels of SNAII, SNAI2
CYP2R1, CYP27B1, VDR and UbcHSe CYP2RL. CYP27BL. VDR and UbcHSe
mRNAs in 1difft.-m.-nt SNAI2-high TNBC tissues proteins in different SNAI2-high TNBC tissues
(n=406). MCF7 cells were used as a reference. (n=46). MCF7 cells were used as a reference.

(Figs. 3 and 4). SNAII, CYP2R1, CYP27B1 and VDR gene promoters have SNAI2-binding E2-
box sequences (Figs. 5-8).

Fig. 5. Human SNAI1 gene promoter 1 (-990 to + 80). The SNAI 2-binding E2 boxes are
shown with cyan highlight. Upstream sequences are underscored.

GAGGCCCTGGGGCCCAGCACATCTGACCCCTCCGGGCATGCCCATCCCACCCCATCCCTGGAAGCTGCTCTCTAGGA
GTTACTCTGAAGCAGTTGCCACTTCTTCCCTCGGGCCTTTTCCCTTGATAATTCTTCACTTCCTCTGGGAAGTCACC
CCGACCCCCTGTCAGGTGACCCGCCTCTTAACGGTCGCCGCGTCCCGTCTCTCCCCCACCAAAGCACACTTCCCTTT
GCATTGTAATTATCTGTTTACTTCGTCTGTCTCCCTCACTGGACCAGAAGCTACCCTTCGGGAGAGGCTCTGAGTGT
TCTGTCCGGGGCTGTGCCCTGGCCCCAGGTACAGTGCCCCACACGTGCTGGGCGCTCCGTAAACACTGGATAAGGGA
AGGAACGGGTGCTCTTGGCTAGCTGGGCCAGGCTGCTTTGCAAAAAGGCCGTGGCATTTCAAGCCGCCGAGAGCCAC
GTGCGGTGTCCCTTTCCTCGCTTCCTCCCCAGTGATGTGCGTTTCCCTCGTCAATGCCACGCTCTCCAGGCGCCAGC
CGGGCGGAGGAAATTTCCGCCCCCTCCCAAGCCCGAGGCGGGGGCGGGCGTCGGAAGGTCAGGTGTCCCGGCCGGLG
CGCAGCGCCAGGGGGCGTCAGAAGCGCTCAGACCACCGGGCGCTGAGCCGGTGGGCGCGCGGCGTCCTGCCGGGGTC
CCACCTCGCAGAGGCCTCGCTTCGCTCGACGTCCCGCCCCGGACAGCCCCAGCACCGGGGACGACCCGLGLTGLGLC
AGCGAACCCCGCCTCGGAGGAGTCCCCGCCCGGGCTCTCACCGCCACGCGGCGCGAGCCCGGCCAGCAGCCGGCGLA
CCTGCTCGGGGAGTGGCCTTCGGCGGAGACGAGCCTCCGATTGGCGCGGCAGGTGACAAAGGGGCGTGGCAGATAAGG
CCCCGCCCCTCCCACCCCCCACCACCCCCCGGAGTACTTAAGGGAGTTGGCGGCGCTGCTGCATTCATTGCGCCGLG
GCACGGCCTAGCGAGTGGTTCTTCTGCGCTACTGCTGCGCGAATCGGCGACCCCAGTGCCTCGACCACT




Fig. 6. Huamn CYP2R1 GENE PROMOTER (- 692 TO +1156). The SNAI2-binding E2
boxes are shown with cyan highlight. Upstream sequences are underscored.

GAACAAGTGCAGACAAGAGTCCCGTGATTGCCAATAAGTAATCAGTTTGGAAAGACCAGAGAGGGGTCAAATATAGG
TAAACTGAGTTAATCACATAAACTGCTCAATCATCACAATTATTAAAAGATCACACACAAAAATACATTAACAGGAG
AAAAATAGTAAAACAGGACAAAACAGTAAAATTACTTTCTTTTACTACTGATGGGTCAATTTTCTACTGGAAATTCT
GAAAAGTATCAGGTTCAGCTAAAGACTGCAGTGTTGATCATCTCTCCAGTTTTCCTAGTGTGAAATGAAATAAGCAG
ACCTGGTACTTAAAAAGACACTTTAAGAAAGGTCTGGCCCCAGAGAGGCAGGATCCGCCTAGCCCAGTGAGTGAGGC
CGTCCTGACACCTCGTCAATGCCCTTGTGTCAACATTCTAGAAAACGGACTCCTGGCTCATTGCTCCGCCTAGAGCC
GCGCCACCTCCAAAGGGTAGCACCGGCCACCCGCTCCGCAAAGTCCACTCTCAGCCGCGCAAAACTAGAAGGTAGTT
GTCCCGAAGGGGCCTGAGCGCTCACTCAGTCAGCCAATGGCCACGGAGCTAGGGCGGGACCTGAGGGTATCCTGCCA
ATGGGAGTATGGCAGGGCTGGAGGGAGTGCCTGGGTCTCAGGGCTGCTGTGGAGTTCGCACCTCCAGCTCGGGCCGA
TGTGGAAGCTTTGGAGAGCTGAAGAGGGCGCGGCGGCGCTCGGCGGCGCGCTCTTCCTGCTGCTCTTCGCGCTAGGG
GTCCGCCAGCTGCTGAAGCAGAGGCGGCCGATGGGCTTCCCCCCGGGGCCGCCGGGGCTGCCATTTATCGGCAACAT
CTATTCCCTGGCAGCCTCATCCGAGCTTCCCCATGTCTACATGAGAAAGCAGAGCCAGGTGTACGGAGAGGTACAGC
CCCGACGGGCCCCGGGCAGGGCAGGGCCGCCAGGCTGGCCCGGGCTGGCCAGGGCCTTCCTGGTTGGACTTATGGCCG
CCCCTGGGCCGACTAGTCGGGACCTCTCCGTGTGCCGGCTGCCCTTTGAGGGACACCCGCTTCCCGGGTCTGGAAGG
GAGAAGTCCTCGACGCCGTGCCCCCTTGCAGGGGGAGCCCCGCCCCTGCCGGTGACCCACTCCGGGCCGAGGCTCCG
AGGCGATCCAGTCCTGATTTTCCCGCTACCGCTCGAGCTCTTGCTCCTGCGCCTGCGCCGTTTGGCTCGCCAGCCGC
GCCGCCACTTCAGGTCCAGGGTGGACGCATGCCCTCAGGTGCGGGCGTCTTGCGAGTCGGCCTCGCAGCTCTGTGGA
AGCTGCACGCGGCTTGTCGGAAAATCAAGGCGTTCTGAGTTCTAGATGGTTAATAGCAGGTTCTTCGGTGTCTGCAG
TCGACGAACGACTGGTGTAGGCGTTTGCTGTGAGAATGGAGAATGCAGGGGAACGCCCCTGACTGAGAAGCGGGCCC
TGGGAAACGATTGTGAACGCGTGAATGAATTGATGACTAAAATCCGCTGCGGGGGTCCTACAGCGCAGATGGTAATG
CCGTTCTGACTGGCTGGGAACGGCACCTTAGCAGATACTTAAAAGGCGCCTTCTGTGTGCCACTGTCACTGCCAACT
TGGTGACTCATTTAAAACTCATAACCAGCCGGTGAGGTCGGTACTTCGCTCCTCCTCATTCTGCGGAGGGGAAAGCA
GCACGGAAATGCCCTGTGACTGGCAGCGGAAAAGGCGACCACCGCTTGTGTGTGGGTGTCCCGACGTCCGGAGGGGG
CAGGAGTTTCCACGGGTCCTGGGACAGAGCTCACCTGTTTTGTTTTGAATTACACTTATTTATATGCAACTACAGGC

Fig. 7. Human CYP27B1 GENE PROMOTER (-1000 to +152). The SNAI2- binding E2
boxes are shown with cyan highlight. Upstream sequences are underscored.

CCACCTCAGCCTCTCAAGGCACTACAGGCATACGCCACCATGCCTGGCTAATTTTTGTATTTTTTGTAGAGACAGTT
CCACTATGTTGCCCAGGCTGGTCTCAGACTCCTGAGCTCAAGCAGTCTGCCCACCTTAGCCTCCCAAAGTGTTGGGA
TTACAGTCATGAGCTGCCGTGCCCAGCCTAATTTTTAAACTTCTTCTGTAGAGACAGTCTTGCTATGTTGCTCAAGC
TTGTCTCAACCTCCTGGCCTCATGCCATCCTCCTGCCTCAGCCTCCCAAAGTGCTGGGATTATAGGCATGAGCCACC
ACAGGATTCTGAGGCTAAAAGTAGAAAGGAGCTGCTAACCAGAAAGCCCCCCAGAGGAGACCGAGTCAGCTGGGGAA
TTAGAACATCCACATCCATTTAGCTCCTCTAACACCCCACAGACAATCTCTGAACTTAACTAATGTACAAAAAGTTT
CATTTCTGCTTCTCAAGCCCCAAATTCCCATGTCTGGAAGGAGGGGGCTTGTATACCCAAGAGACCCCCTTATCCTC
AAGAAAGAAAGATGGAGGTTCTAGGAGCCATTTTAGCCCATTAACCCACCTGCCATCTGCCCAGTATATGTTAGGTA
CAGGAGGAGGGGGAGGTGTGGCTAGTGCAGGAAAATAATGCAGAGAAGATACAACCCACTAAGCCAAGAATGTGGGG
ACAGTTACAGCTGTGCCTCCCCTGCTTCCCTTCCTGGAGGAGCTGAAAGATGGGGAATTCCTGAGGATGGGCCTAAA
GGGGCTGGGCTCACTGGTAGAAGTGGGAATATCAGAGACTGACTAGTGTAGCTTGGTCACCTAGTCCCTACTAAAAA
GCCTTATAGCCTTTCCTAGGATGAGACTTTGAGGCTCCTAGACAAAGGCACTCTCCCAGGAGGAAAATCTTAGGCCC
TCCCTCCCATGAGGGTCATTGCAACATGAGACCCAAGGGAGTTGTGAAGTCAGCCCCAGCCCCGCCTACTGTTCCTG
GGTGCTAATCCCCAGCACAGACCACTCAGGAGGAGGGATTGGCTGAGGAGCTTGGAGAGGGGGCGTCATCACCTCAC
CCAAAGGTTAAATAGGGGTTGAGATATGATGCTCAGGAGAAGCGCTTTCTTTCGCGAGCACCCTGAACCAGACC

FIG. 8. HUMAN VDR GENE PROMOTER (-605 TO +23). TRANSCRIPTIO N START
SITE IS HIGHLIGHTED IN RED.E2-BOXES ARE IN YELLOW AND GREEN.

GCTGCCAAGGTGATATCGGGTGGGAGCAATGACGCAACTCCGGTTTCCACTTCGGCCCCCCGGGATATTTTA
CGACGGTTCCACTATAGCCCACCCTCGTTACTGCGTTGAGGCCAAAGGTGAAGCCGGGGGGCCCTATAAAAT

CCCTAATCTGTGGGATCAGGCTGAGCTTCCTGGCGTTCTGCAGCAGTAACAGGTTGGCGAGCGGAGCCCGGG
GGGATTAGACACCCTAGTCCGACTCGAAGGACCGCAAGACGTCGTCATTGTCCAACCGCTCGCCTCGGGCCC



ATTTCCCATTCGTGCGGAGCTAGCCGCCGGTGCCAGTCGGCAGGCGCCCCCCAGCGTCCCGCGGACGACGAA
TAAAGGGTAAGCACGCCTCGATCGGCGGCCACGGTCAGCCGTCCGCGGGGGGTCGCAGGGCGCCTGCTGCTT
-371 -366 -356 -351
GTCCTGGCCTGGTCAGCCCAGGTGGGGGTGACGCACCTGGCTCAGGCGTCCGCAGCAGGCTGGGTAGAACCA
CAGGACCGGACCAGTCGGGTCCACCCCCACTGCGIGGACCGAGTCCGCAGGCGTCGTCCGACCCATCTTGGT

CGGCAGGAAGGGTGGGGGGCTGCATCCCCGATTAACACAGGCTGAAGCGGGTATCCGCACCTATAATCATCG
GCCGTCCTTCCCACCCCCCGACGTAGGGGCTAATTGTGTCCGACTTCGCCCATAGGCGTGGATATTAGTAGC

ACAACTCTGTCCCACAGAGGGCAGAAGCGTGCCTTGCCCTATGGACGACGGTCGATGAAAATTTCACGAGTT
TGTTGAGACAGGGTGTCTCCCGTCTTCGCACGGAACGGGATACCTGCTGCCAGCTACTTTTAAAGTGCTCAA

AGAGTATCTAAGGCTACAGCGTGGCCTATAGGGTGGTTGATTCCAAGTCAAGATGGTTGCAGCGCCAACGGA
TCTCATAGATTCCGATGTCGCACCGGATATCCCACCAACTAAGGTTCAGTTCTACCAACGTCGCGGTTGCCT

GCTCCTGGCAAGAGAGGACTGGACCTGTGGGCGGGGCGGAGGGGCGGGGCGGGGCCGGGGCGGGGCCTGACC
CGAGGACCGTTCTCTCCTGACCTGGACACCCGCCCCGCCTCCCCGCCCCGCCCCGGCCCCGCCCCGGACTGG
-17 -12 +1

GAGAGGCGGGGCCAGGTGCTGGGCTGTCT|
CTCTCCGCCCCGGTCCACGACCCGACAG
Chromatin-immunoprecipitation (ChIP) assays with SNAI2-high BT549 cells revealed

that SNAI2 is recruited on the promoters of SNAIl, CYP2RI1, CYP27B1 and VDR gene
promoters along with the co-repressor protein CtBP1 and the effector protein HDACI in a
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Fig. 9. Relative binding of SNAI2, CtBP1 and HDAC1 on SNAII,
CYP2R1, CYP27B1, VDR, UbcHS5c and cyclin D1 gene promoters in
vivo in BT549 cells. Cells with >80% knockdown of SNAI2 was used as
reference.




SNAI2 dependent manner (Fig. 9). SNAI2 Similarly, we find direct correlation of cyclin D1
levels in the SLUG-high TNBC cells whereas UbcH5c levels are inversely proportional (Figs. 3
and 4). Cyclin D levels were increased 2-4 folds (data not shown)

We evaluated the levels of SNAI1, SNAI2, CYP2R1, CYP27B1, VDR, cyclin D1 and
UbcHS5c in normal and tumor tissue of breast cancer patients by tissue microarray analysis
(http://www.biomax.us/tissue-arrays/Breast/). Variable expressions of these genes was detected
in all 180 matched tumor and normal tissues studied. SNAI2 was expressed at higher level in
tumor versus normal tissue (T:N>2.0) in 62% of patients, while SNAI1, CYP2R1, CYP27BI,
VDR and UbcH5¢ were down regulated (T:N<0.3) in 57-61%.

Task-2. To optimize dsDNA decoys developed against the functions of SNAI proteins (8-15
months).

To form the dsDNA decoy, equimolar amounts of the complementary and antiparallel single
stranded oligonucleotides were dissolved in sterile TE buffer [10 mM Tris, | mM EDTA (pH
8.0)] and annealed for 3 h, during which time the temperature was reduced from 90 °C to 25 “C.
Synthetic dsDNA decoy (25 nM) was used for the transfection of human SNAI2-high breast
cancer cells using Lipofectamine. Forty eight hours after transfection, protein and RNA were
isolated from the transfected cells and the levels of SNAI2, plakoglobin and B-actin mRNAs and
proteins were evaluated. For promoter activity assay, the cells were co-transfected with the
promoter construct, the pGL3-Control plasmid and the dsDNA decoy. Dual luciferase assay was
performed with the cell extract from the transfected cells 48 h after incubation under growth
conditions.

For the streptavidin pull-down assay SNAI2-high breast cancer cells MDA-MB-231 and
BT549 were used. Nuclear and cytoplasmic fractions were isolated using NE-PER nuclear and
cytoplasmic protein extraction reagents from Thermo Fisher (Pittsburg, PA) following their
protocol. The identity of the fractions was determined by standard assays. The levels of SNAI2
and SNAII in the nuclear extracts were evaluated by western blotting (12). For the evaluation of
the binding of the dsDNA decoy to SNAI2 or SNAII in the nuclear extracts, 5 pmol of the
annealed 5’-biotinylated wild-type or mutated decoy was incubated with gentle rocking with 20
pg proteins of the nuclear fraction in TBST [50 mM Tris.HCI, pH 7.4, 150 mM NaCl, 0.1%
Tween 20] overnight at 4 °C. To pull-down the protein-bound biotinylated dsDNA decoy, 50 pl
of streptavidin magnetic bead (Thermo Fisher) slurry in TBST was added to the reaction mixture
and incubated for 1 h at room temperature. Beads were then collected by magnetic separation
and residual non-bead fraction was collected for the evaluation of SNAI2 or SNAI1. The beads
were washed three times with TBST before elution of the bound proteins from the streptavidin-
coated beads by boiling (10 min) with 1x Laemmli SDS sample buffer [5x: 60 mM Tris-Cl pH
6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue].

To validate E2-box-dependent mode of action of SNAI2 to repress its target genes in the
SNAI2-high TNBC cells, we developed two different SNAI2-binding double-stranded DNA
molecular decoys. (Figs. 10 and 11). We also custom synthesized corresponding oligonucleotides
with mutation at the two E2-box sequences to be used as a control (Figs. 10 and 11). Data for the
VDR promoter based decoy is published recently (reprint attached in the appendix) and data
using this decoy is shown here. Similar data were obtained with the Plakoglobin gene promoter-
based decoy. Using 5'-end biotin-tagged ds-DNA decoys we performed EMSA analysis with



WILD-TYPE DECOY:
5’ -0ZEEZCAGCCCAGGTGGGGGTGACGCACCTGGCTCFEEOE -3’
3’ ~EFOOFGTCGGGTCCACCCCCACTGCGTGGACCGAGZOOEO-5'
E2-BOX1 E2-BOX2

MUTANT DECOY:
5’ -0ZEEZCAGCCTAAATTGGGGTGACGAATTTAGCTCFEEQE- 3’
3’ ~EFOOFGTCGGATTTAACCCCACTGCTTAAATCGAGZOOEO-5'
MTE2-BOX1 MTE2-BOX2

Fig. 10. Nucleotide sequences of the wild-type and
the mutant VDR promoter based molecular decoys
used. F, O, E and Z indicates phosphorothioate
modifications of A, C, G and T, respectively.

FIG. 11. NUCLEOTIDE SEQUENCES OF THE MOLECULAR DECOYS DESIGNED
BASED ON UBCHSC AND PLAKOGLOBIN PROMOTERS.

MOLECULAR DECOYS BASED ON HUMAN UBCHS5C GENE PROMOTER

WILD TYPE DECOY
57 -AAATACTGCTCACCTGCTCCACCGGA-3~
3" -TTTATGACGAGTGGACGAGGTGGCCT-5"

MUTANT TYPE DECOY
57 -AAATACTGCTAATTTACTCCACCGGA-3”~
3" -TTTATGACGATTAAATGAGGTGGCCT-5"

MOLECULAR DECOYS BASED ON HUMAN PLAKOGLOBIN GENE PROMOTER

WILD TYPE DECOY
57 -ACTCTGGCCCCACCTGCCCAGCAGGTGAGCGCACGGA-3~
3" -TGAGACCGGGCEGTGCACCGCCTCETCCACTCGCGTGCCT-5"

MUTANT TYPE DECOY
57 -ACTCTGGCCCAATTTACCGAGTAAATTAGCGCACGGA-3~
37 -TGAGACCGGGTTAAATGGCTCATTTAATCGCGTGCCT-5"

nuclear extract isolated from MDA-MB-231 cells. The probe binds tightly with proteins in the
extract (Fig. 12). This binding could be inhibited by unlabeled probe indicating specificity of
binding (Fig. 12). E-box mutated dsDNA decoy failed to bind this protein in the EMSA assay
(Fig. 12). Supershift assay with SNAI2 antibody indicated that the binding protein include
SNAI2 (data not shown). We performed pulldown assay with streptavidin-coated paramagnetic
particles to further evaluate the binding of SNAI2 to wild-type dsDNA decoy. Biotin-tagged
dsDNA decoy was incubated with nuclear extract isolated from SNAI2-high MDA-MB-231
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with HRP-tagged streptavidin.

Nuclear extract - ++ + + +
Biotinylated Probe + + + + ++
Unlabelled Probe - - 20x 50x = 50x
Decoy conjugate
Unbound probe
-
Wild-type Mutant

Decoy tested

Fig. 12. EMSA analysis showing E2-box-dependent specific
binding of nuclear proteins from MDA-MB-231 cell nuclear
extract to the wild-type decoy but not to the mutated decoy.
Biotin-tagged decoys were used and the blots were developed

cells. As expected, that the
transcriptional repressor protein
SNAI2 was almost exclusively
present in the nuclear fraction
(Fig. 13i). The wild-type decoy
but not the E2-box mutated
decoy could pulldown SNAI2
from the nuclear fraction (Fig.
13ii).  Evaluation of the
supernatant after the pulldown
for SNAI2 revealed little left in
the supernatant from the wild-
type dsDNA decoy experiment
(Fig. 13i1i). Similar experiment
done for SNAI1 binding to the
decoy with the same nuclear
extract revealed less binding of
this isofunctional transcriptional
repressor protein to the dsDNA
decoy for SNAI2 (Fig. 14).

These experiments suggest relative specificity of the dsSDNA decoy for SNAI2 binding.
We tested the ability of the wild-type dsDNA decoy developed against SNAI2 to alleviate the
repression of several SNAI2 target genes including plakoglobin, SNAI1, CYP2R1, CYP27Bl1,

VDR and UbcHS5c in the
SNAI2-high TNBC cell line
MDA-MB-231. Data for
plakoglobin gene expression
is recently  published
(reprint attached) and are
shown. Similar data were
obtained for the other target
genes tested. Treatment of
the cells with the wild-type
decoy but not the E2-box
mutated decoy significantly
increased the levels of
plakoglobin mRNA (Fig.
15) and protein without

|sLuc

PD: Streptavidin

IB: aSLUG

Fig. 13. Immunopull down followed by immunoblot analysis showing
the binding of SLUG to the wild-type decoy but not to the mutated
decoy. (i) Immunoblot showing exclusive location of SLUG in the
nuclear fraction of MDA-MB-231 cells. (ii) Pull-down assay for SLUG
from the nuclear fraction of MDA-MB-231 cells using biotin-tagged
decoys. (iii) Immunoblot showing leftover SLUG in the supernatant after
the pull-down (one-fifth of the supernatant was loaded).

affecting SNAI2 protein levels (Figs. 16 and 17). Up-regulation of plakoglobin protein in the
MDA-MB-231 cells treated with the wild-type dsDNA decoy was also revealed by
immunofluorescence confocal microscopy (Figs. 18 and 19). The wild type decoy, but not the
mutant decoy could significantly increase the activity of plakoglobin gene promoter in the MDA-
MB-231 cells (Fig. 20). These experiments were repeated with BT549 cells and similar results

were obtained.

Key Research Accomplishments
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e Low SNAIl, CYP2R1, CYP27B1, VDR and UbcH5c levels are hallmarks of
SNAI2-high TNBC cells.

e Inhibition of SNAI proteins with molecular decoy that bind to these
transcriptional repressor proteins relieves the target genes of these repressors.

REPORTABLE OUTCOMES:

Publication:

1. Bailey CK, Mittal MK, Misra S, Chaudhuri G. High motility of triple-negative breast cancer
cells is due to repression of plakoglobin gene by metastasis modulator protein SLUG. J
Biol Chem. 2012 Jun 1;287(23):19472-86. PubMed PMID: 22496452; PubMed Central
PMCID: PMC3365985.

2. Tarallo V, Hirano Y, Gelfand BD, Dridi S, Kerur N, Kim Y, Cho WG, Kaneko H, Fowler BJ,
Bogdanovich S, Albuquerque RJ, Hauswirth WW, Chiodo VA, Kugel JF, Goodrich JA,
Ponicsan SL, Chaudhuri G, Murphy MP, Dunaief JL, Ambati BK, Ogura Y, Yoo JW,
Lee DK, Provost P, Hinton DR, Nufiez G, Baffi JZ, Kleinman ME, Ambati J. DICER1
loss and Alu RNA induce age-related macular degeneration via the NLRP3

inflammasome and

S & S & MyD88. Cell. 2012 May

&3 i & é\b 11;149(4):847-59.

& i PubMed PMID:

22541070 PubMed

o | SNAIL [ SNALL PMCID:
PMC3351582.

PD: Streptavidin

IB: aSNAIL
? Meeting abstracts:

Fig. 14. Immunopull down followed by immunoblot analysis showing

weak binding of SNAIL to the decoy. (i) Immunoblot showing exclusive
location of SNAIL in the nuclear fraction of MDA-MB-231 cells. (ii) Pull-
down assay for SNAIL from the nuclear fraction of MDA-MB-231 cells
using biotin-tagged decoys. (iii) Inmunoblot showing leftover SNAIL in
the supernatant after the pull-down (one-fifth of the supernatant was
loaded).

1. Bailey, C. K., Mittal,
M. K., Misra, S. and
Chaudhuri, G. (2012)

High mobility of triple-
negative breast cancer
cells is due to repression

of plakoglobin gene by SLUG. Presented at the AACR A nnual Meeting in Chicago,
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2. Mittal, M. K., and Chaudhuri, G. (2012) Development and evaluation of a molecular decoy
against SLUG function in the breast cancer cells. Presented at the AACR An nual

Meeting in Chicago, IL, March 31 to April 4, 2012.

3. Mittal, M. K., Misra, S. and Chaudhuri, G. (2012) Development of vitamin D-resistance in
breast cancer cells through SLUG-mediated coordinate repression of CYP2R1, CYP27B1
and VDR gene promoters. Presented at the Experimental Biology Annual Meeting at

San Diego, April 20-April 25, 2012.

12



®

i

Relative plakoglobin mRNA levels
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Fig. 15. Effect of the decoy on plakoglobin
mRNA level in MDA-MB-231 cells as was
determined by real-time RT-PCR analysis. -
actin mRNA was used as a normalization
control. Results are mean + SEM (n=6). *
indicates statistical significance p<0.001.
MT-Decoy: Decoy with mutation at the E2-
box sequences; WT-Decoy: Decoy with wild-
type E2-box sequences.

Conclusion:

We concluded that elevation of SLUG (SNAI2)
level in the triple negative breast cancer (TNBC)
cells is the cause for the down regulation of SNAI1
as well as vitamin D metabolizing enzymes/proteins
such as VDR, CYP2R1 and CYP27B1 thus for the
development of resistance of the TNBC cells to
vitamin D. We have developed potent molecular
decoys against SNAI1 and SNAI2 and are targeting
SNAI1 and SNAI2 with these decoys to increase
the sensitivity of the TNBC cells towards vitamin D
therapy in the mouse model of breast cancer.
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Background: High motility of aggressive breast cancer cells is associated with high SLUG and low plakoglobin levels.
Results: SLUG binds to plakoglobin gene promoter and represses its expression.

Conclusion: SLUG-induced increase in breast cancer cell motility is due to repression of plakoglobin by SLUG.
Significance: Management of SLUG level should diminish the motility and thus aggressiveness in breast cancer cells.

One of highly pathogenic breast cancer cell types are the triple
negative (negative in the expression of estrogen, progesterone,
and ERBB2 receptors) breast cancer cells. These cells are highly
motile and metastatic and are characterized by high levels of the
metastasis regulator protein SLUG. Using isogenic breast can-
cer cell systems we have shown here that high motility of these
cells is directly correlated with the levels of the SLUG in these
cells. Because epithelial/mesenchymal cell motility is known to
be negatively regulated by the catenin protein plakoglobin, we
postulated that the transcriptional repressor protein SLUG
increases the motility of the aggressive breast cancer cells
through the knockdown of the transcription of the plakoglobin
gene. We found that SLUG inhibits the expression of plakoglo-
bin gene directly in these cells. Overexpression of SLUG in the
SLUG-deficient cancer cells significantly decreased the levels of
mRNA and protein of plakoglobin. On the contrary, knockdown
of SLUG in SLUG-high cancer cells elevated the levels of plako-
globin. Blocking of SLUG function with a double-stranded DNA
decoy that competes with the E2-box binding of SLUG also
increased the levels of plakoglobin mRNA, protein, and pro-
moter activity in the SLUG-high triple negative breast cancer
cells. Overexpression of SLUG in the SLUG-deficient cells ele-
vated the motility of these cells. Knockdown of plakoglobin in
these low motility non-invasive breast cancer cells rearranged
the actin filaments and increased the motility of these cells.
Forced expression of plakoglobin in SLUG-high cells had the
reverse effects on cellular motility. This study thus implicates
SLUG-induced repression of plakoglobin as a motility determi-
nant in highly disseminating breast cancer.
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Breast cancer cells with the triple-negative phenotype
(TNBC)? lack estrogen, progesterone, and ERBB2 receptors
and represent one of the most aggressive and difficult to treat
subtypes of human breast cancer (1, 2). TNBC is highly over-
represented in the African American breast cancer patients (1,
2). The genetic and molecular basis for this incidence and the
biological basis for the aggressiveness of TNBCs are largely
unknown and of high priority (3—6). The transcription factor
SLUG, which controls epithelial to mesenchymal transition,
stem cell phenotypes, and therapeutic responsiveness (7-9), is
highly expressed in the highly aggressive basal and mesenchy-
mal subtypes of the TNBC cells (1, 10), making it a candidate
master regulator of the TNBC phenotype. The uncanny ability
of the TNBC cells to metastasize to other vital tissues and
organs causes severe pain and mortality in the TNBC patients
(3—6). The ability of these cells to breach the basement mem-
brane of epithelial barriers and migrate distinguishes highly
metastatic TNBC cells from the non-metastatic breast cancer
cells (5, 6). We postulate that transcriptional repression of few
key cell adhesion and migration regulatory protein genes by
SLUG in the basal and mesenchymal subtypes of the TNBC
cells contributes toward the metastatic behavior of these cells,
and targeted inhibition of SLUG should reverse the process.

SLUG, also known as SNAI2, is a member of the SNAI super-
family of zinc finger transcriptional repressors (7-9). It is a
C,H,-type zinc finger transcription factor that binds to E2-box
motif (5'-CAGGTG-3'/5'-CACCTG-3') and silences gene
expression by chromatin remodeling (7-9). SLUG has essential
SNAG and SLUG motifs in its repressor domain that mediate
its repressor activity (7-9). SLUG is shown to repress many
genes including E-cadherin, BRCA2, cytokeratins, UbE2D3,
and vitamin D receptor (11-15). SLUG is reported recently to
coordinate with another transcription factor SOX9 and thus to
determine the stem cell-ness of aggressive breast cancer cells
(16). Although coordinated repression of several cell-cell junc-
tion proteins and other associated molecules by SLUG is impli-
cated as the cumulative cause for SLUG-induced invasiveness

2The abbreviations used are: TNBC, triple negative breast cancer; CtBP1,
C-terminal binding protein-1; HDAC1, histone deacetylase-1; JUP, junction
plakoglobin; MyH9, myosin heavy chain 9; PGKD, plakoglobin knockdown.
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of breast cancer cells (7-9), it is not known how dysregulation
in SLUG expression increases the motility of these cells.

Out of several epithelial cell molecules implicated in the
direct or indirect regulation of cellular motility, the catenin
molecule plakoglobin stands out as a major player in negatively
regulating the motility of these cells (17-23). Plakoglobin (also
known as junction plakoglobin (JUP)) is a member of the arma-
dillo family of proteins and a close relative of B-catenin (24).
Plakoglobin comprises 12 central armadillo repeats, which are
flanked by N- and C-terminal domains (17-19). By interacting
with both the desmosomal cadherins and the N terminus of
desmoplakin, plakoglobin is positioned to play a role in linking
intermediate filaments to the desmosomal plaque (17-19).
Recent report indicates that plakoglobin not only inhibits
motility of keratinocytes in contact but also inhibits Src-depen-
dent single cell motility (17). These results indicate that plako-
globin is capable of regulating single cell motility through
matrix deposition in concert with Rho GTPases independently
of its role as a cell-cell adhesion molecule (17, 18).

Using isogenic breast cancer cell systems, we have shown
here that the motility of human breast cancer cells is directly
related to their SLUG levels. Evidence presented here suggests
that SLUG regulates the motility of these cells by directly sup-
pressing the transcription of the plakoglobin gene through
chromatin remodeling. We also have shown that knockdown of
plakoglobin in the SLUG-negative breast cancer cells leads to
the rearrangement of the actin filaments and formation of
actin-rich membrane ruffling resembling invadopodia (25-27).
Forced expression of plakoglobin in the SLUG-high breast can-
cer cells has the similar effect on their motility as that with
SLUG knockdown.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—All the cells used in this study
were procured from American Type Culture Collection
(ATCC, Manassas, VA) and were cultured in ATCC-recom-
mended media (12). Briefly, MCF7, MDA-MB-453, M4A4,
NM2C5, and BT20 cells were cultured in DMEM medium with
10% fetal bovine serum (FBS; Atlanta Biologicals, Law-
renceville, GA); MDA-MB-468 and MDA-MB-231 cells were
grown in L15 medium with 10% FBS, whereas HCC1419,
ZR7530, HCC1187, and BT549 cells were cultured in RPMI
1640 medium with 10% FBS. Authentications of the cell lines
are routinely performed in our laboratory following the instruc-
tions provided in ATCC Bulletin 8. Mouse anti-FLAG M2 anti-
body was purchased from Sigma. Rabbit anti-SLUG (C19G7)
and rabbit anti-JUP (2309S) antibodies were purchased from
Cell Signaling Technology (Danvers, MA). Rabbit anti-SLUG
(H-140) for chromatin immunoprecipitation assay and mouse
anti SLUG (A-71) antibody for Western blotting and immuno-
fluorescence microscopy were procured from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Rabbit anti-CtBP1 (C-termi-
nal binding protein-1), anti-HDAC1 (histone deacetylase-1),
histone H3 (Lys-9 and Lys-14), and acetylated histone H4 (Lys5,
Lys8, Lysl12, and Lys16) antibodies were purchased from
Upstate Millipore (Burlington, MA). Rabbit monoclonal anti-
body (#3879, Cell Signaling Technology) against SNAIL
(CD15D3) was used to detect SNAIL in the Western blots. Rab-
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bit antibody against a-actinin 4 (ab108198) and mouse anti-
body against non-muscle myosin IIA (ab55456) were procured
from AbCam (Cambridge, MA).

Expression of Recombinant Proteins in Breast Cancer Cells—
Human SLUG coding sequence (open reading frame (ORF))
was amplified (12) from the RNA isolated from BT549 cells
using SLUG-specific primers (supplemental Table S1). The
amplified cDNA (831 bp) was sequence-verified, digested with
Clal/BamHI, and cloned at the Clal/BamHI sites of p3XFLAG-
CMV-14 plasmid (Sigma). MCF7 and MDA-MB-468 cells were
transfected with the SLUG ORF construct using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.
After 48 h, cells were plated in G418-containing medium to
select a stable cell population expressing SLUG. The non-func-
tional mutant of SLUG, in which the SLUG domain amino acid
sequence PSDTSSK was changed to AAAAAAA, was gener-
ated from the wild-type SLUG construct as a template using
recombination PCR and cloned into the BamHI/Clal site of the
multiple cloning site of p3XFLAG-CMV-14 vector (Sigma).
Briefly, the wild-type SLUG construct was used as a template to
amplify overlapping fragments template 1 (T1) and template 2
(T2) using specifically designed primers (supplemental Table
S1). The mutated nucleotides are underlined. The gel-purified
amplicons (T1 and T2) were used as templates to perform
recombination PCR to generate the mutant. The gel-purified
mutant amplicon was digested with BamHI and Clal and col-
umn-purified. The amplicon was then cloned at the BamHI/
Clal sites of p3XFLAG-CMV14 plasmid (Sigma). Human pla-
koglobin ORF cloned in the plasmid pcDNA3.0 (plasmid
number 16827) was procured from Addgene (28) and was used
to transiently express plakoglobin in the BT549 cells. The effi-
ciency of expression of the cloned mRNAs and proteins in the
recombinant cells was evaluated by real-time RT-PCR and
Western blot analysis, respectively (12).

Knockdown of SLUG and Plakoglobin Gene Expression—
SLUG-specific stealth siRNAs and corresponding control
siRNAs were designed using the Block-IT RNAi designer soft-
ware (Invitrogen) and were procured from Invitrogen (supple-
mental Table S2). Plakoglobin siRNA (#6226) and control
siRNA (#6568S) were procured from Cell Signaling Technol-
ogy. We also designed stealth siRNAs against human plakoglo-
bin (supplemental Table S2), and they had comparable effica-
cies to knockdown the plakoglobin gene (data not shown).
Transfection of these siRNAs into the breast cancer cells was
done by lipofection using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s protocol (12). Briefly, cells were
transfected at ~50% confluency using 100 pmol of the siRNA in
6-well plates, and whole-cell lysates were prepared 48 h after
transfection. RNA was isolated from these cells using TRIzol
(Invitrogen). The efficiency of knockdown of the target genes
was evaluated by real-time RT-PCR and immunoblot analysis
(12, 29).

Real-time RT-PCR Analysis—Total RNA was isolated from
the cultured cells using TRIzol reagent (Invitrogen). RNA was
further treated with RNase-free DNase (Invitrogen) to get rid of
any DNA contamination. The cDNA was synthesized from 1 ug
of DNase-treated RNA using the iScript cDNA synthesis
reagents (Bio-Rad). Real-time RT-PCR quantification was per-
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formed following standard protocols using SYBR Green dye
(Bio-Rad). The sequences of the primers used for quantitative
PCR are shown in the supplemental Table S2. RT-PCR was
performed in the iCycler (Bio-Rad) as described (12, 29). The
-fold change over control samples was calculated using Cz, ACt,
and AACt values (12, 29). B-Actin RNA was used as an internal
control.

Immunoblot Analysis—Whole cell extracts were obtained
according to our standard protocol and probed with appropri-
ate antibodies as described previously (12). Antibodies were
used at a 1:1000 dilution. The antibody-protein complexes
were visualized using horseradish peroxidase-conjugated
goat anti-rabbit antibody following enhanced chemilumi-
nescence method (12).

Dual Luciferase Reporter Assay—We PCR-amplified human
plakoglobin gene promoter (-447 to +761, NM_021991; sup-
plemental nucleotide sequences) from DNA isolated from
BT549 cells with specific primers (supplemental Table S2). This
promoter sequence has six E2 boxes. The amplified DNA was
cloned into the pCR4.0/TOPO plasmid (Invitrogen) and subse-
quently subcloned into the EcoRI site of pRL-Null plasmid
(Promega, Madison, WI). Colony PCR was performed to select
forward and reverse orientation clones of the promoter DNA in
pRL-Null. Cells were seeded on 24-well tissue culture plates in
triplicate and allowed to grow overnight to reach 90-95% con-
fluency. The following day cells were transfected with pGL3-
Control plasmid (Promega) and pRL-JUP promoter construct
plasmid using Lipofectamine 2000 transfection reagent (Invit-
rogen). Forty-eight hours later, luciferase activity was measured
using the Dual Luciferase reporter assay reagents (Promega)
(12). Renilla luciferase activity was normalized with firefly lucif-
erase activity as described (12).

Chromatin Immunoprecipitation (ChlIP) Assay—ChIP assay
was performed as described previously (12). A chromatin pull-
down assay was performed using antibodies against human
SLUG (H140), CtBP1, HDAC]1, and acetylated histones H3 and
H4. For quantitative ChIP analysis, SLUG was knocked down
with different stealth siRNAs (supplemental Table S1) in MDA -
MB-231 and BT549 cells for 48 h (12). Knockdown of SLUG
was evaluated by real-time RT-PCR, and Western blot analysis
and subsequently ChIP assay was performed. Real-time PCR
was performed using primers described in supplemental Table
S2. Real-time RT-PCR data for antibody-bound fractions were
compared with a 1:10 dilution of input DNA.

Decoy Treatment—The design, synthesis, and biochemical
characterization of the double-stranded (ds)-DNA decoy
against SLUG is described under “Results.” To form the dSDNA
decoy, equimolar amounts of the complementary and antipar-
allel single-stranded oligonucleotides were dissolved in sterile
TE buffer (10 mm Tris, 1 mm EDTA, pH 8.0, and annealed for
3 h during which time the temperature was reduced from 90 to
25 °C. Synthetic dsDNA decoy (25 nMm) was used for the trans-
fection of human SLUG-high breast cancer cells using Lipo-
fectamine. Forty-eight hours after transfection, protein and
RNA were isolated from the transfected cells, and the levels of
SLUG, plakoglobin, and B-actin mRNAs and proteins were
evaluated. For promoter activity assay, the cells were co-trans-
fected with the promoter construct, the pGL3-Control plasmid,
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and the dsDNA decoy. A dual luciferase assay was performed
with the cell extract from the transfected cells 48 h after incu-
bation under growth conditions (12).

Streptavidin Pulldown Assay—SLUG-high breast cancer
cells MDA-MB-231 and BT549 were used for this experiment.
Nuclear and cytoplasmic fractions were isolated using NE-PER
nuclear, and cytoplasmic protein extraction reagents were from
Thermo Fisher (Pittsburg, PA) following their protocol. The
identity of the fractions was determined by standard assays (29).
The levels of SLUG and SNAIL in the nuclear extracts were
evaluated by Western blotting (12). For the evaluation of the
binding of the dsDNA decoy to SLUG or SNAIL in the nuclear
extracts, 5 pmol of the annealed 5’'-biotinylated wild-type or
mutated decoy was incubated with gentle rocking with 20 ug of
proteins of the nuclear fraction in TBST (50 mm Tris'HCI, pH
7.4, 150 mm NaCl, 0.1% Tween 20) overnight at 4 °C. To pull
down the protein-bound biotinylated dsDNA decoy, 50 ul of
streptavidin magnetic bead (Thermo Fisher) slurry in TBST
was added to the reaction mixture and incubated for 1 h at
room temperature. Beads were then collected by magnetic sep-
aration, and residual non-bead fraction was collected for the
evaluation of SLUG or SNAIL. The beads were washed three
times with TBST before elution of the bound proteins from the
streptavidin-coated beads by boiling (10 min) with 1X Laemmli
SDS sample buffer (5X; 60 mm Tris-Cl, pH 6.8, 2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 0.01% bromphenol blue).

Transwell Migration Assay—For the transwell migration
assay to determine the motility of the breast cancer cells, 5 X
10* cells were plated in 100 ul of serum-free medium in the
upper chamber of the transwell plates. Complete medium was
used in the lower chamber of the plates. Cells were then incu-
bated at 37 °C for 24 h to allow cell migration through the mem-
brane. The migrated cells were then fixed with formaldehyde
and stained with 1% crystal violet. Cells were counted under the
microscope (20X magnification objective lens), and the average
of the data from six independent experiments was computed.

Cell Culture Wound Healing Assay—Wounds were created
in confluent cell cultures in 24-well plates using a pipette tip.
The cells were then rinsed with PBS to remove any free-floating
cells and debris. Serum-free medium was then added, and cul-
ture plates were incubated at 37 °C. The width of the wound was
evaluated at 0, 24, 48, and 72 h within the scrap line, and repre-
sentative scrape lines for each set were photographed. Dupli-
cate wells of each condition were examined for each experi-
ment, and each experiment was repeated 6 times.

Immunohistochemistry for Tissue Microarray Analysis—Im-
munohistochemistry was performed as described (12) using tis-
sue microarray procured from US Biomax (BR1503a). Identifi-
cation of the spots are according to the datasheet (see
supplemental Fig. S1 and tissue microarray data). A tissue
microarray slide was incubated in primary antibodies (rabbit
SLUG and mouse plakoglobin; 1:100) overnight at 4 °C, and
thereafter the slide was washed 3 times with PBS. It was further
incubated with the corresponding Alexafluor-conjugated sec-
ondary antibodies (donkey anti-rabbit R488 and donkey anti-
mouse R555; Invitrogen) for 1 h at room temperature. The slide
was again washed 5 times with PBS, embedded in glycerol/PBS-
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FIGURE 1. SLUG level and in vitro motility are directly correlated in human breast cancer cells. A, shown is relative motility of different breast cancer cells
as was determined by transwell assay. Results are the mean = S.E. (n = 6). * indicates statistical significance p < 0.001. B, shown is evaluation of in vitro motility
in the scratch assay of the control and the SLUG-expressing MDA-MB-468 cells. Results are the mean = S.E. (n = 6). ** indicates statistical significance p < 0.01.
C, shown is relative motility of human breast cancer cells ectopically expressing SLUG in the transwell migration assay. Results are the mean = S.E. (n = 6). *
indicates statistical significance p < 0.001. D, shown is evaluation of in vitro motility in the scratch assay of the control and the SLUG-knocked down MDA-MB-
231 cells. Results are the mean = S.E. (n = 6). ** indicates statistical significance, p < 0.01. E, shown is relative motility of human breast cancer cells with or
without knockdown of SLUG in the transwell migration assay. Results are the mean = S.E. (n = 6). ** indicates statistical significance, p < 0.01.

based mounting medium, and examined for painted cells using
a fluorescent microscope (Nikon TE2000-E).

Immunofluorescence Confocal Microscopy—Immunofluo-
rescence staining and confocal analyses were performed as
described (12). In brief, cells were cultured on coverslips in
24-well plates for 24 h, rinsed with ice-cold PBS, fixed with 3.7%
formaldehyde for 30 min, washed three times with PBS, and
fixed in ice-cold methanol for 10 min. Cells were permeabilized
with 0.2% Triton X-100 in PBS for 10 min. Thereafter, the cells
were washed 3 times with ice-cold PBS. The slides were blocked
in PBS containing 5% goat serum and then were incubated with
primary antibodies (SLUG 1:400, plakoglobin 1:400, B-actin
1:1000) overnight at 4 °C in the blocking buffer. Slides were
then washed 5 times with PBS followed by incubation for 45
min with the respective Alexafluor-conjugated secondary anti-
body. The slides were again washed 3 times with PBS, nuclei
were stained with TOPRO (1:1000 in PBS) for 5 min, and the
slides were washed again with PBS, embedded in glycerol/PBS-
based mounting medium, and examined for painted cells using
a fluorescent microscope (Nikon TE2000-E). Confocal images
were obtained with a Nikon TE2000-UC1 laser-scanning
microscope (12). Immunofluorescence images were quanti-
tated in a Nikon TE2000-E inverted wide-field microscope
using NIS AR software (Nikon, Melville, NY).

Statistical Analysis—Each experiment was repeated 4—6
times. Results are expressed as the means = S.E. Statistical anal-
yses were performed using GraphPad Prism software. p values
were calculated using the two-sided Student’s ¢ test (paired or
unpaired, as appropriate) and analysis of variance test for sig-
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nificance. p values of <0.05 and <0.01 were considered as
significant.

RESULTS

SLUG Level and in Vitro Motility Are Directly Correlated in
Human Breast Cancer Cells—High motility is usually associ-
ated with oncogenic epithelial cells expressing high levels of the
SLUG protein (8, 30 —-33). Here we present direct evidence with
isogenic cell systems that the level of SLUG is indeed directly
correlated with in vitro motility of human breast cancer cells.
We selected three non-metastatic non-TNBC (MCF7, MDA-
MB-468, and T47D) and two highly metastatic TNBC (MDA-
MB-231 and BT549) cell lines and evaluated SLUG mRNA
(supplemental Fig. S2A) and protein (supplemental Fig. S2, B
and C) levels in them. As expected, the non-invasive cells are
negative or low in SLUG mRNA and protein levels, whereas the
invasive cells tested are high in SLUG (supplemental Fig. S2).
Relative motility of the SLUG-high cells, as determined by tran-
swell assay, was also significantly higher than that of the SLUG-
low cells (Fig. 1A4). Recently, high levels of SLUG have been
reported in the basal and the mesenchymal subtypes of several
human TNBC primary tissues (see supplemental Fig. S6 in Leh-
mann et al. (1)). Our data are thus in sync with the similar
observation made by others.

We then evaluated the effect of ectopic expression of SLUG
in the SLUG-negative human breast cancer cells on their in
vitro motility. We expressed C-terminal FLAG-tagged human
SLUG in the SLUG-negative MCF7, MDA-MB-468, and T47D
cells and evaluated the levels of SLUG in these cells
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FIGURE 2. Inverse relationship in the levels of plakoglobin and SLUG in breast cancer cells and tissues. A, shown are relative levels of SLUG and
plakoglobin mRNAs in different breast cancer cells as was determined by real-time RT-PCR analysis. B-Actin mRNA was used as a normalization control. Results
are the mean = S.E. (n = 6). B, shown is evaluation of the levels of SLUG and plakoglobin protein in different human breast cancer cells by immunoblotting.
B-Actin was used as a loading control. C, shown is densitometric scanning of the Western blots to evaluate the relative levels of SLUG and plakoglobin in
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supplemental Fig. S4 for the designations of the tissue dots and additional data.

(supplemental Fig. S3, A—C). Western blot analysis of the levels
of SLUG in the vector-transfected and SLUG-overexpressing
MDA-MB-468 cells is shown in supplemental Fig. S3, B and C.
Anincrease in the SLUG levels was also noted in the MCF7 and
T47D cells (data not shown). Two methods were employed to
evaluate the in vitro motility of the vector transfected and the
SLUG-expressing breast cancer cells. Data for the evaluation of
in vitro motility in the “scratch” assay of the control and the
SLUG-expressing MDA-MB-468 cells are shown in Fig. 1B.
The motility of the SLUG-expressing cells was significantly
higher than the vector-transfected cells (Fig. 1B). Similar results
were obtained with the other cells tested. Transwell migration
assay also revealed a significant increase in the relative motility
of human breast cancer cells ectopically expressing SLUG as
compared with the corresponding vector-transfected cells (Fig.
1C). These data support our hypothesis that breast cancer cell
motility is increased by the dysregulation of SLUG expression
in these cells.

19476 JOURNAL OF BIOLOGICAL CHEMISTRY

We further verified this hypothesis by knocking down SLUG
in the SLUG-high human breast cancer cells and evaluating
their in vitro motility. We knocked down SLUG with two dif-
ferent stealth siRNAs as described (12) in the SLUG-high
MDA-MB-231 and BT549 cells and evaluated the levels of
SLUG in these cells. Data for the stealth siRNA#1 (supplemen-
tal Table S2) are shown (supplemental Fig. S4, A—C). Western
blot analysis of the levels of SLUG in the control and SLUG
siRNA-treated MDA-MB-231 cells are shown in supplemental
Fig. S4, Band C. A decrease in the SLUG levels was also noted in
the BT549 cells (data not shown). Again, we evaluated the in
vitro motility of the control and the SLUG siRNA-treated breast
cancer cells by two independent methods. Evaluation of in vitro
motility by the scratch assay of the control and the SLUG-
knocked down MDA-MB-231 cells revealed a significant
decrease in the motility of these cells (Fig. 1D). Similar results
were obtained with the other cells tested. A significant decrease
in the relative motility of the SLUG-knocked down human
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FIGURE 3. Effect of ectopic expression of SLUG on the levels of plakoglobin in SLUG-negative breast cancer cells. A, shown is real-time RT-PCR analysis
of the levels of SLUG and plakoglobin mRNAs in different SLUG-negative breast cancer cells transfected with empty vector (V), plasmid construct with mutated
non-functional SLUG (MSLUG), or plasmid construct with wild-type functional SLUG (SLUG). Results are the mean = S.E. (n = 6). * indicates statistical
significance p < 0.001. B, shown is immunoblot analysis for SLUG and plakoglobin proteins in the control (vector-transfected) and SLUG-expressing (trans-
fected with FLAG-SLUG construct) MCF7 and MDA-MB-468 cells. Recombinant SLUG protein was detected using FLAG antibody. B-Actin was used as a loading
control. C, shown is a densitometric scan for SLUG and plakoglobin levels in six independent SLUG-transfected populations and the corresponding vector-
transfected control cells. Results are the mean = S.E. (n = 6). The * indicates that the -fold changes were statistically significant (p < 0.001). D, shown are
immunofluorescence confocal microscopic analysis data showing down-regulation of plakoglobin in the MCF7 cells transfected with functional wild-type
SLUG expressing plasmid. The cells were transiently transfected, and only those cells that have abundant expression of SLUG (red staining in the nucleus, shown
by white arrows) lack plakoglobin on their cell membrane regions. Blue, TOPRO; green, plakoglobin; red, SLUG. E, quantitative evaluation of the relative levels of
plakoglobin (with respect to TOPRO staining) in the immunofluorescence images was as in D. SLUG-overexpressing cells (SLUGOE) are those with a red stain
in the nucleus. For adjacent cells with or without SLUG overexpression, only the boundaries of the cells not shared are quantitated. Results are the mean = S.E.
(n = 5). ** indicates statistical significance p < 0.01. F, immunofluorescence confocal microscopic analysis data show no detectable effect of non-functional
mutated SLUG protein (red) on plakoglobin levels (green) in MCF7 cells transfected with mutated SLUG-expressing plasmid. The cell that expressed mutated
SLUG is shown by a white arrow. G, quantitative evaluation of the relative levels of plakoglobin (with respect to TOPRO staining) in the immunofluorescence
images was as in F. Results are the mean = S.E. (n = 5). The changes between the control and the mutant SLUG-expressing (MTSLUGOE) cells were not

statistically significant.

breast cancer cells was also noted by the transwell migration
assay (Fig. 1E). These data further strengthen our notion that
breast cancer cell motility is regulated by SLUG in these cells.
Intracellular Levels of SLUG and Motility Regulatory Protein
Plakoglobin Are Inversely Related in Breast Cancer Cells and
Tissues—As mentioned above, the armadillo motif-containing
protein plakoglobin is known to negatively regulate the motility
of epithelial cells (17-23). Because SLUG in the breast cancer
cells regulates the motility of these cells, we hypothesized that
SLUG represses plakoglobin gene in these cells to increase their
motility. Toward testing this hypothesis, our initial effort was to
evaluate whether plakoglobin levels in the breast cancer cells
are inversely related to the level of SLUG in these cells. We
tested several breast cancer cell lines for their SLUG and plako-
globin mRNA and protein levels. We found that indeed, higher
the levels of SLUG, the lower the levels of plakoglobin in these
cells (Fig. 2, A-C). Immunofluorescence confocal microscopy
also validated our notion that lower plakoglobin level is associ-
ated with high levels of SLUG in the highly motile MDA-MB-
231 and BT549 cells (Fig. 2, D and E). Immunofluorescence
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imaging analysis of human malignant breast tissue microarray
also revealed a large number of SLUG-high cells in the tumor
samples that lack plakoglobin (green staining cells in the over-
lay images, Fig. 2, F and G, and supplemental Fig. S1). There are
also cells in the tumor tissues that are rich in plakoglobin and
lack SLUG (red staining cells in the overlay images (Fig. 2, Fand
G, and supplemental Fig. S1) as expected. In the breast tumor
samples there are apparently cells that stained orange to yellow,
possibly indicating cells that have both SLUG and plakoglobin
(orange-yellow staining cells in the overlay images, Fig. 2, F and
G, and supplemental Fig. S1). These cells may represent inter-
mediate cells where SLUG expression occurs, but SLUG is not
functional as a repressor because of the possibility of missing
downstream regulators of SLUG. These preliminary analysis
data thus indicate inverse relationship between SLUG and pla-
koglobin also in the human breast cancer tissues, suggesting
physiological relevance of our finding.

To test our hypothesis further we ectopically expressed func-
tional and non-functional SLUG (see the supplemental amino
acid sequences) in the SLUG-negative plakoglobin-high breast
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FIGURE 4. Effect of knockdown of SLUG on plakoglobin levels in MDA-MB-231 and BT549 cells. A, shown is quantitative RT-PCR analysis for SLUG and
plakoglobin mRNA levels in MDA-MB-231 and BT549 cells treated with control or SLUG siRNAs. B-Actin mRNA was used as a normalization control. Results are
the mean = S.E. (n = 6). ¥ indicates statistical significance p < 0.001. B, shown is an immunoblot analysis of plakoglobin levels in MDA-MB-231 and BT549 cells
by with (KD) or without (Control) knocking down SLUG. Control cells were transfected with control siRNA. C, shown is evaluation of SLUG and plakoglobin
protein levels in MDA-MB-231 and BT549 cells with or without knockdown of SLUG. Six independent SLUG-knocked down cell populations and corresponding
control siRNA-treated cells were used. Results are the mean = S.E. (n = 6). * indicates that the -fold changes observed were statistically significant (p < 0.001).
D, immunofluorescence confocal microscopic analysis data show the effect of SLUG (red) knockdown on the level of plakoglobin (green) in MDA-MB-231 cells.
TOPRO was used to stain the nuclei of the cells. £, shown is a quantitative evaluation of the ratio of plakoglobin/SLUG in the immunofluorescence images as in

D. Results are the mean = S.E. (n = 10). ** indicates statistical significance p < 0.01.

cancer cells and evaluated their plakoglobin levels. As expected,
stable ectopic expression of functionally active wild-type SLUG
but not that of the functionally inactive mutated SLUG in the
SLUG-negative cells knocked down the plakoglobin mRNA
levels in these cells (Fig. 34). Unfortunately, these cells with
stable expression of SLUG gradually lost the SLUG protein and
became SLUG-negative after four-five generations. Although
we found that proteasomal degradation of SLUG was responsi-
ble for the disappearance of recombinant SLUG in these cells,
we do not know the exact mechanism of this degradation. Tran-
sient expression of SLUG in the SLUG-negative MDA-MB-468
and MCF7 cells also showed down-regulation of plakoglobin
protein in these cells (Fig. 3, B and C). Immunofluorescence
confocal microscopic analysis data showed that transient
ectopic expression of SLUG in the MDA -MB-468 cells resulted
in the down-regulation of plakoglobin only in those cells that
have abundant expression of SLUG (red staining in the nucleus)
but not in the cells that lack the recombinant SLUG (Fig. 3, D
and E). Ectopic expression of the non-functional SLUG protein
in the MCF?7 cells did not down-regulate the plakoglobin level
in these cells (Fig. 3, F and G) further suggesting the functional
repression of plakoglobin by SLUG.

We knocked down SLUG in the SLUG-high MDA-MB-231
and BT549 cells to verify whether this action increased plako-
globin levels in these cells. SLUG knockdown in these cells sig-
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nificantly increased the levels of plakoglobin mRNA (Fig. 44)
and protein (Fig. 4, B and C) as expected. We also documented
the increase of plakoglobin protein in the SLUG-knocked down
MDA-MB-231 cells by immunofluorescence confocal micros-
copy (Fig. 4, D and E). We repeated our experiment with two
different stealth siRNAs against SLUG with MDA-MB-231 and
BT549 cells and obtained similar results. These data conclude
that the levels of SLUG and plakoglobin in the breast cancer
cells tested are inversely related and point toward the hypoth-
esis that SLUG induces increased motility in the aggressive
breast cancer cells through the repression of plakoglobin gene
expression.

SLUG Binds to and Inhibits Activity of Plakoglobin Gene Pro-
moter in Human Breast Cancer Cells—T o evaluate the mode of
action of SLUG in the repression of plakoglobin level in human
breast cancer cells, we studied the binding to and inhibition of
the promoter of plakoglobin gene in these cells. Our initial pro-
moter array analysis experiment to identify gene promoters
that bind to SLUG in human breast cancer cells revealed plako-
globin gene as a candidate (12). A quantitative chromatin
immunoprecipitation assay further verified the binding of
SLUG to the plakoglobin gene promoter in the nucleus of
MDA-MB-231 and BT549 cells, which is inhibited significantly
when SLUG is knocked down in these cells (Fig. 54). As
expected, the co-recruitment of the co-repressor CtBP1 and the
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(n = 6).* indicates that the changes observed in the SLUG-knockdown cells were statistically significant (p < 0.001). B, quantitative chromatin immunoprecipitation
analysis data shows the effect of SLUG knockdown on the binding of CtBP1 and HDACT1 to the promoter of plakoglobin gene in BT549 cells. Results are the mean = S.E.
(n = 6).* indicates that the changes observed in the SLUG-knockdown cells were statistically significant (p < 0.001). C, quantitative chromatin immunoprecipitation
analysis data shows the effect of SLUG knockdown on the abundance of acetylated histones H3 and H4 at the promoter of plakoglobin gene in BT549 cells. Results are
the mean = S.E. (n = 6). * indicates that the changes observed in the SLUG-knockdown cells were statistically significant (p < 0.001). D, shown is relative activity of
plakoglobin gene promoter in different SLUG negative (MCF7 and MDA-MB-468) and SLUG-positive (MDA-MB-231 and BT549) human breast cancer cells. Results are
themean = S.E.(n = 6). *indicates statistically significant changes in the promoter activity in the SLUG-positive cells as compared with thatin the SLUG-negative MCF7
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SLUG-expressing MCF7 and MDA-MB-468 cells. Results are the mean = S.E. (n = 6). * indicates statistically significant decrease in the promoter activity in the
SLUG-expressing cells as compared with that in the vector-transfected cells (p < 0.001). F, shown is derepression of plakoglobin promoter activity in the SLUG-knocked
down (SLUGKD) MDA-MB-231 and BT549 cells. Results are the mean = S.E. (n = 6). * indicates a statistically significant increase in the promoter activity in the

SLUG-knocked down cells as compared with that in the control cells (p < 0.001).

effector HDACI at the plakoglobin gene promoter was also
decreased significantly due to the knockdown of SLUG in the
SLUG-high BT549 cells (Fig. 5B). The levels of acetylated his-
tones at this promoter were increased in SLUG-knocked down
BT549 cells (Fig. 5C). The deacetylation of histones at the pla-
koglobin gene promoter was also decreased by preincubation of
the BT549 cells with the HDACI inhibitor trichostatin A (data
not shown), further indicating the involvement of HDACI in
the repression process. We have shown previously that SLUG
inhibits the expression of its target genes by binding to its pro-
moter and through the recruitment of the co-repressor CtBP1
and the effector HDAC1, which deacetylate the nucleosomal
histones at the target gene promoter (12, 13). Our data pre-
sented here thus indicate that SLUG similarly represses plako-
globin gene expression by hetero-chromatinization of this gene
promoter (supplemental Fig. S5).

To further evaluate the inhibition of plakoglobin gene pro-
moter activity by SLUG, we tested the activity of the cloned
human plakoglobin gene promoter in SLUG-manipulated iso-
genic breast cancer cell systems. We cloned the 1208-bp plako-
globin promoter (—447 to +761 with respect to the transcrip-
tion start site) in the forward or the reverse orientation with
respect to the Renilla luciferase reporter gene in pRL-Null plas-
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mid. We found that the orientation-specific activity of the
cloned plakoglobin gene promoter is significantly higher in the
SLUG-negative MCF7 and MDA-MB-468 cells as compared
with that in the SLUG-high MDA-MB-231 and BT549 cells
(Fig. 5D). Ectopic expression of wild-type SLUG but not the
functionally inactive mutated SLUG in the SLUG-negative
MCEF7 and MDA-MB-468 cells inhibited the plakoglobin gene
promoter activity significantly (Fig. 5E). In contrast, knock-
down of SLUG in the SLUG-high MDA-MB-231 and BT549
cells increased the activity of the cloned plakoglobin gene pro-
moter (Fig. 5F). The cloned plakoglobin gene promoter has six
E2-box sequences that are potential SLUG binding sites. Site-
directed mutagenesis of individual E2-box sequences to 5'-TA-
AATT-3" did not affect the activity of the promoter signifi-
cantly (data not shown), suggesting probable action of SLUG
through multiple E2-box sequences at this promoter. These
data indicate direct involvement of SLUG in the inhibition of
plakoglobin gene promoter in the SLUG-expressing human
breast cells.

Double-stranded DNA Decoy Developed against SLUG Alle-
viated SLUG Repression of Plakoglobin Gene in SLUG-high
Breast Cancer Cells—To validate the E2-box-dependent mode
of action of SLUG to repress plakoglobin gene in human breast
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FIGURE 6. Characteristics of the molecular decoy developed against SLUG. A, shown are nucleotide sequences of the wild-type and the mutant molecular
decoys used. F, O, E, and Z indicate phosphorothioate modifications of A, C, G, and T, respectively. B, EMSA analysis shows E2-box-dependent specific binding
of nuclear proteins from MDA-MB-231 cell nuclear extract to the wild-type decoy but not to the mutated decoy. Biotin-tagged decoys were used, and the blots
were developed with HRP-tagged streptavidin. C, an immuno pulldown assay followed by immunoblot analysis shows the binding of SLUG to the wild-type
decoy but not to the mutated decoy. PD, pulldown. (i) the immunoblot shows exclusive location of SLUG in the nuclear fraction of MDA-MB-231 cells. (ii) shown
is a pulldown assay for SLUG from the nuclear fraction of MDA-MB-231 cells using biotin-tagged decoys. (iii) the immunoblot shows leftover SLUG in the
supernatant after the pulldown assay (one-fifth of the supernatant was loaded). D, an immuno pulldown assay followed by immunoblot (/B) analysis shows
weak binding of SNAIL to the decoy. (i) the immunoblot shows exclusive location of SNAIL in the nuclear fraction of MDA-MB-231 cells. (i) shown is a pulldown
assay for SNAIL from the nuclear fraction of MDA-MB-231 cells using biotin-tagged decoys. (iii) the immunoblot shows leftover SNAIL in the supernatant after

the pulldown assay (one-fifth of the supernatant was loaded).

cells, we developed a SLUG binding double-stranded DNA
molecular decoy. We have shown previously that SLUG inhib-
its vitamin D receptor gene promoter through its binding to the
E2-box sequences of this promoter (13). We selected a 40-bp
sequence from the human vitamin D3 receptor gene promoter
that has two SLUG binding E2-box (5'-CACCTG-3'/3'-CAG-
GTG-5') sequences (Fig. 6A). We custom synthesized individ-
ual oligonucleotides with a terminal five nucleotides having
phosphorothioate groups to make these oligonucleotides
resistant to the exonucleases (Fig. 6A4). We also custom-synthe-
sized the corresponding oligonucleotides with mutation at the
two E2-box sequences to be used as a control (Fig. 64). Using
5'-end biotin-tagged dsDNA decoys, we performed EMSA
analysis with nuclear extract isolated from MDA-MB-231 cells.
The probe binds tightly with proteins in the extract (Fig. 6B).
This binding could be inhibited by unlabeled probe indicating
specificity of binding (Fig. 6B). E-box-mutated dsDNA decoy
failed to bind this protein in the EMSA assay (Fig. 6B). A super-
shift assay with the SLUG antibody indicated that the binding
protein included SLUG (data not shown). We performed pull-
down assay with streptavidin-coated paramagnetic particles to
further evaluate the binding of SLUG to wild-type dsDNA
decoy. Biotin-tagged dsDNA decoy was incubated with nuclear
extract isolated from SLUG-high MDA-MB-231 cells. As
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expected, the transcriptional repressor protein SLUG was
almost exclusively present in the nuclear fraction (Fig. 6Ci).
The wild-type decoy but not the E2-box-mutated decoy could
pulldown SLUG from the nuclear fraction (Fig. 6Cii). Evalua-
tion of the supernatant after the pulldown for SLUG revealed
little left in the supernatant from the wild-type dsDNA decoy
experiment (Fig. 6Ciii). A similar experiment done for SNAIL
binding to the decoy with the same nuclear extract revealed less
binding of this isofunctional transcriptional repressor protein
to the dsDNA decoy for SLUG (Fig. 6D). These experiments
suggest relative specificity of the dsDNA decoy for SLUG
binding.

We tested the ability of the wild-type dsDNA decoy devel-
oped against SLUG to alleviate the repression of plakoglobin
gene expression in the MDA-MB-231 cells. Treatment of the
cells with the wild-type decoy but not the E2-box mutated
decoy significantly increased the levels of plakoglobin mRNA
(Fig. 7A) and protein without affecting SLUG protein levels
(Fig. 7, B and C). Up-regulation of plakoglobin protein in the
MDA-MB-231 cells treated with the wild-type dsDNA decoy
was also revealed by immunofluorescence confocal microscopy
(Fig. 7, D and E). The wild-type decoy, but not the mutant
decoy, could significantly increase the activity of plakoglobin
gene promoter in the MDA-MB-231 cells (Fig. 7F). These
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FIGURE 7. Alleviation of the repressor activity of SLUG against plakoglobin gene expression by molecular decoy against SLUG binding to E2-box.
A, shown is the effect of the decoy on plakoglobin mRNA level in MDA-MB-231 cells as was determined by real-time RT-PCR analysis. 3-Actin mRNA was used
as a normalization control. Results are the mean = S.E. (n = 6). * indicates statistical significance p < 0.001. MT-Decoy. decoy with mutation at the E2-box
sequences; WT-Decoy, Decoy with wild-type E2-box sequences. B, Western blot analysis shows the effect of the decoy on plakoglobin protein level in
MDA-MB-231 cells. SLUG levels did not significantly alter. B-Actin was used as a loading control. C, shown is densitometric scanning of the Western blots to
evaluate the relative levels of SLUG and plakoglobin in MDA-MB-231 cells. Results are the mean = S.E. (n = 4). * indicates statistical significance p < 0.001.
D, shown is immunofluorescence confocal microscopy analysis of the effect of the SLUG decoy on plakoglobin protein (green) levels in MDA-MB-231 cells.
TOPRO (blue) was used to stain the nucleus of the cells. £, quantitative evaluation of the relative levels of plakoglobin (with respect to TOPRO staining) in the
immunofluorescence images was as in D. Results are the mean = S.E. (n = 7). The difference in the relative (normalized with TOPRO level) plakoglobin levels
between the cells treated with mutant decoy (MT Decoy) and wild-type Decoy (WT Decoy) was statistically significant. ** indicates statistical significance p <
0.01. F, shown is the effect of the decoy on the activity of plakoglobin gene promoter in MDA-MB-231 cells. Results are the mean = S.E. (n = 6). *** indicates

statistically significant changes between the control and the experimental sets (p < 0.05).

experiments were repeated with BT549 cells, and similar results
were obtained. These data further support our conclusion that
SLUG represses plakoglobin gene expression in the aggressive
breast cancer cells.

Forced Alteration of Plakoglobin Levels in Human Breast
Cancer Cells with or without SLUG Altered Their in Vitro
Motility—Our data presented above implicated higher levels of
plakoglobin in the SLUG-negative human breast cancer cells as
the cause of their lower in vitro motility. To verify the correla-
tion of plakoglobin level and motility, we knocked down plako-
globin in SLUG-negative MCF7 and MDA-MB-468 cells with
siRNA and evaluated their motility. The siRNA used success-
fully knocked down the levels of plakoglobin mRNA (supple-
mental Fig. S6A) and protein (supplemental Fig. S6, B and C)
levels in these cells. Plakoglobin knockdown significantly
increased the relative in vitro motility of these cells (Fig. 8,
A-C). We also forced expressed plakoglobin in the SLUG-high
BT549 cells (supplemental Fig. S7) and evaluated the effect of
such expression on the motility of these cells. Ectopic expres-
sion of plakoglobin significantly decreased the relative in vitro
motility of these cells (Fig. 8, D and E). These data thus support
our conclusion that plakoglobin knockdown in the SLUG-high
breast cancer cells is responsible for their higher motility.
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Interestingly, our immunofluorescence confocal microscopy
data generated with the plakoglobin-knocked down MCF7 and
MDA-MB-468 cells revealed reorganization of actin filaments
in these cells, which is the hallmark of increased motility. These
data suggest that the knockdown of plakoglobin reorganizes
actin filaments in the MDA-MB-468 (Fig. 9, A and B) and
MCEF7 (Fig. 9C) cells showing invadopodia-like projections
emanated from the plakoglobin-knocked down cells and not
from the cells with plakoglobin expression (Fig. 9). Forced
expression of plakoglobin in the SLUG-high BT549 cells
showed significant changes in cell morphology and actin fila-
ment profile (Fig. 9D). Because actin filament reorganization in
the highly motile metastatic cancer cells is also associated with
higher levels of actinin and myosin heavy chain 9 (MyH9) pro-
teins (30), we evaluated the relative levels of these two proteins
in the plakoglobin-knocked down MCEF7 cells. Western blot
analysis showed significant increase in the levels of a-actinin 4
and MyH?9 proteins in the plakoglobin-knocked down cells (Fig.
10, A and B). Immunofluorescence confocal microscopy also
shows significant increases in the levels of these proteins in the
plakoglobin-knocked down MCEF7 cells (Fig. 10, C—F). These
data further support our notion that SLUG-induced repression
of plakoglobin gene in the SLUG-high breast cancer cells causes
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FIGURE 8. Effect of alteration of plakoglobin levels on the motility, actin filament reorganization, and invadopodia formation in breast cancer cells. A,
shown is the effect of plakoglobin knockdown (PGKD) on the motility of MCF7 and MDA-MB-468 cells in transwell migration assay. Results are the mean =+ S.E.
(n = 4). * indicates statistical significance p < 0.001. B, shown is the effect of PGKD on the motility of MDA-MB-468 cells as was evaluated by scratch assay.
C, shownis a quantitative evaluation of in vitro motility in the scratch assay (as in B) of the vector control and the PGKD MDA-MB-468 cells at 24 and 48 h. Results
are the mean = S.E. (n = 6). The difference of % restitution at 48 h was statistically significant. ** indicates statistical significance p < 0.01. D, shown is the effect
of ectopic expression of plakoglobin (PGOE) on the motility of BT549 cells in the transwell migration assay. Results are the mean = S.E. (n = 4). ** indicates
statistical significance p < 0.01. E, shown is an evaluation of in vitro motility in the scratch assay of the vector control and the PGOE BT549 cells. Results are the

mean = S.E. (n = 6). ** indicates statistical significance p < 0.01.

increased motility of these cells, contributing toward their
aggressiveness.

DISCUSSION

The transcriptional repressor protein SLUG is implicated in
several key aspects of metastasis in the epithelial cancer cells
(7-9). It is shown to participate in epithelial to mesenchymal
transition through the repression of the cell-cell adhesion mol-
ecule E-cadherin (11). It promotes cancer cell growth by direct
inhibition of the tumor suppressor protein BRCA2 (15) and by
indirect stimulation of cyclin D1 levels through the repression
of cyclin D1 ubiquitinating enzyme UbE2D3 (12). It inhibits
PUMA to block the induction of anoikis in the cancer cells
(31-33). Although cancer cells with abnormally high levels of
SLUG protein are highly motile (8, 35-38), direct association of
SLUG with cellular motility is not established until our study.
Using the isogenic breast cancer cell system, we have shown
here that the motility of the SLUG-negative cells is increased
significantly with the expression of SLUG in these cells. The
increase in cellular motility is contingent upon the repressor
function of SLUG, as a non-functional mutant of SLUG failed to
increase the motility of these cells. These data suggest that tran-
scriptional suppression of one or more genes by SLUG is
responsible for the increase in the motility of the transfected
breast cancer cells. We further verified that SLUG is responsi-
ble for the increased motility of the SLUG-high breast cancer
cells by knocking down SLUG in these cells and showing the
decrease in the motility of the SLUG-knocked down cells.

To be metastatic, the breast cancer cells must have a higher
motility rate. Motility of the transformed epithelial cancer cells
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is increased through the trigger of formation of membrane ruf-
fles known as invadopodia (25-27). Among the proteins that
are attributed to control the motility of epithelial cells, the
catenin protein plakoglobin is implicated as having the central
role (17-23). A high plakoglobin level in the cells is translated to
lower motility and vice versa (17-23). Our data show that
SLUG-negative non-aggressive breast cancer cells express high
levels of plakoglobin. Ectopic expression of SLUG in these cells
suppressed the levels of plakoglobin, increasing their motility.
On the other hand, knockdown of SLUG in the SLUG-high
breast cancer cells increased the plakoglobin level and
decreased the motility of these cells. This inverse relationship
between SLUG and plakoglobin led to our hypothesis that neg-
ative regulation of plakoglobin by SLUG increases the motility
of the SLUG-high breast cancer cells. Although causal relation-
ship was not established, inverse relationship between SLUG
and plakoglobin was also reported in other cancer cells includ-
ing human pancreatic (39) and colon cancer (40).

To evaluate direct inhibition of plakoglobin gene expression
by SLUG, we studied the binding and activity of SLUG to
human plakoglobin gene promoter. SLUG is shown to bind to
the E2-box sequences at its target gene promoters through its
zinc finger domains and recruits co-repressor CtBP1 and the
effector HDACI to heterochromatinize the promoter DNA,
thus to silence the expression of the gene (12, 13, 15). In this
report we have shown that SLUG binds to the plakoglobin gene
promoter in vivo and inhibits plakoglobin promoter activity in
SLUG-expressing human breast cells through chromatin
remodeling. Our study also validated that the unique seven-
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FIGURE 9. Effect of alteration of plakoglobin levels on actin filament reorganization and invadopodia formation in breast cancer cells. A, immunoflu-
orescence confocal microscopy shows the effect of knockdown of plakoglobin (green) on actin filament (red) reorganization in MDA-MB-468 cells. Cell nuclei
are painted blue with TOPRO. B, higher magnification of the plakoglobin-knocked down MDA-MB-468 cells shows actin filament projections (white arrows),
suggesting invadopodia formation in these cells. C,immunofluorescence confocal microscopy shows the effect of transient knockdown of plakoglobin (green)
on actin filament projections (red) from the MCF7 cells. Cell nuclei are painted blue with TOPRO. The field shows both plakoglobin-knocked down (PGKD) and
control cells. The PGKD cells show actin filament projections (white arrows) characteristic of invadopodia. D, immunofluorescence confocal microscopy shows
the effect of forced expression of plakoglobin (green) on actin filament (red) reorganization in BT549 cells. Cell nuclei are painted blue with TOPRO. Snapshots
from three slides are shown. Each slide has at least one cell with overexpression of plakoglobin. The invadopodia-like structures are apparent (white arrows) on

the cells lacking plakoglobin.

amino acid SLUG motif located at the repressor domain of
human SLUG protein is critical for its repressor function, as
mutation of this motif abolished the ability of SLUG to inhibit
plakoglobin gene promoter activity. The biochemical role of
this motif of SLUG in its repressor activity is not known. We
found that although this motif has similarity with the classical
CtBP1 binding sequence (41, 42), this sequence of SLUG is not
responsible for CtBP1 binding (43).3

Our study also reflects upon the importance of E2-box bind-
ing of SLUG and its repressor activity. We developed an exonu-
clease-resistant dsDNA decoy against SLUG that has two
E2-box sequences. This decoy E-box dependently binds prefer-
entially to SLUG but not to the similar E2-box-binding protein
SNAIL in the breast cancer cells, suggesting potential role of the
context sequences around the E2-boxes in determining the
specificity. Through in vitro studies we have established
the proof of concept that this decoy may be used as a potential

3 C. K. Bailey, M. K. Mittal, and G. Chaudhuri, unpublished information.
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drug to inhibit SLUG function in vivo. Such dsDNA decoys are
developed against several transcription factors and are being
used to successfully treat several experimental diseases
(44— 49).

To establish further that inhibition of plakoglobin gene alone
in the SLUG-negative cells will increase the cellular motility, we
knocked down plakoglobin mRNA in these cells by RNA inter-
ference. Our data indicated that knockdown of plakoglobin did
indeed increase the motility of these cells. We also have shown
that knockdown of plakoglobin changes the actin filaments of
the cells, indicating the appearance of stress fibers within the
cells and increasing the ruffled appearance on the periphery of
the plakoglobin-knocked down cells. These phenotypes are
indicative of induction of motile behavior of the cells (25-27)
and supports our notion that knockdown of plakoglobin is
directly responsible for the increase in the motility of these
cells.

Several extracellular signals are known to trigger the induc-
tion of extracellular signal-regulated kinases (ERKs), which
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control siRNA-transfected control cells. Results are the mean = S.E. (n = 6). * indicates that the -fold changes were statistically significant (p < 0.001).
C, immunofluorescence confocal microscopy shows higher levels of actinin (green) in the plakoglobin (red) knocked down MCF7 cells. D, quantitative evalu-
ation of the ratio of actinin/plakoglobin in the immunofluorescence images was in C. Results are the mean = S.E. (n = 5). * indicates that the changes were
statistically significant (p < 0.001). E, immunofluorescence confocal microscopy shows higher levels of MyH9 (red) in the plakoglobin (green) knocked down
MCF?7 cells. F, quantitative evaluation of the ratio of MyH9/plakoglobin in the immunofluorescence images was as in E. Results are the mean = S.E. (n = 5). *
indicates that the changes were statistically significant (p < 0.001). Snapshots from two slides are shown in C and E. Each slide shows at least one cell with

significant knockdown of plakoglobin. Cell nuclei were stained with TOPRO.

then induce the expression of the transcription factors FRA1
and cJUN (34). These transcription factors are shown to induce
SLUG gene expression in human breast cancer cells (34).
Induction of ERKSs is implicated for increased breast cancer cell
motility through the induction of SLUG (34). Our research
established that SLUG induction knocks down plakoglobin
gene expression and thus increases the motility of the cells, thus
contributing toward the understanding of how extracellular
signals influence the metastatic behavior of aggressive breast
cancer cells. Because SLUG and plakoglobin levels are
inversely related in other cancers including pancreatic and
colorectal cancers as well (39, 40), our findings will also help
in the mechanistic evaluation of metastatic progression of
other cancers.
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